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A SUPERCONDUCTING MAGNETIC BOTTLE
by James C. Laurence and Willard D. Coles

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

/

ABSTRACT 36 397
A superconducting magnetic bottle consisting of two mirror coils, a central
field coil, and a cylindrical cusp field coil, has been designed and constructed

i

of Nb+25% Zr cable. The configuration was designed to investigate the problems -

involved in using superconducting materials to produce magnetic fields useful
for experiments in plasma physics. Fields as intense as 50 kG have been pro-

duced in 4-in. inside diameter coils with a superimposed quadrupole cusp field

e

Magnetic fields for plasma physics experiments have been produced in many

of 5 to 10 percent of the center field and a mirror ratio of 2.

INTRODUCTION

sizes, configurations, and field strengths. In many cases the experiments have
been handicapped by limited power, limited field strength, or duration of exper-
iments by insufficient power or inadequate cooling for the magnet coils. 1In
addition, the heavy coils, support structure, and cooling passages have inter-
fered with free access to the centerline of the magnetic fields.

Now, the rapidly developing techniques of manufacture of superconducting
magnets offers a solution to these difficulties while introducing only the addi-
tional problem of liquid-helium enviroment for the magnetic coils. The Lewis
Research Center of NASA has been studying the application of superconducing

magnets to plasma physics. One such apparatus, described by Roth[l], has per-
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formed well in actual use during the past several months. This device consists
of a split pair of superconducting coils each enclosed in its separate helium
dewar. The separation between the dewars is adjustable by inserting support
rods of different lengths. The inner diameter of the 25-kG coils is about 7 in.
and the separation can be varied from approximately 6 to 21 in. The system of
coils described in this paper was designed to study the use of superconducting
coils at higher fields and in other configurations than those now in use for
plasma physics experiments at Lewis Research Center. Among the configurations
to be studied are those deemed most suitable for stable plasma contaimment
(such as the Ioffe cusp fields[z]). The mirror coils were designed (using the
methods of refs 3 to 5) to produce 50 kG on the central axis (see Fig. 1). A
mirror ratio of z was provided and a more uniform central field was produced by
inserting a third coil between the split pair. In addition a cusp field of 5
to 10 percent of the center field is produced by an array of four linear con-
ductors ("Ioffe bars") equally spaced around the inner diameter of the coil
forms. The design, fabrication, and operation of this system of superconduct-
ing coils are described.
DESIGN AND FABRICATION OF COILS
Field Requirements

The coil design to produce the 2:1 mirror ratio and maximum mirror fields
of 50 kG was straightforward. With a minimum inside diameter of 4.0 in. and
using the minimum wire lengths required to produce the desired fields the coil

dimensions and the calculated field were as shown in Table I and Fig. 2.
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Figure 2 shows that the design mirror ratio and field strengths are
closely achieved with the coil dimensions indicated in Table I. The spacing
between the coils is sufficient to provide access to the center line of the
field if necessary by constructing the coil forms so that magnets can be placed
in individual dewars. Additional windings on the center coil could shape the
field into other desirable configurations.

The design of the cusp field, however, presented some problems of its
own. It is necessary to design a system of linear conductors ("Ioffe bars")
which will operate in the high field close to the inner windings of the coils.
The performance of these conductors is of course affecS5ed by the background
field of the main coils and by the methods used to introduce the current into
them.

The winding scheme of the Ioffe coils is shown in Fig. 3. Since very high
current superconductors, as well as flux pumps to power them, are not available
at the present time, it was necessary to design these coils of many turns of
superconducting wire carying a modest current. The parameters of the coils are
shown in Table TI.

Calculations for field configurations such as these Ioffe bars are avail-
able in the literature (see ref. [6] for instance.), but for the present design
the calculations were performed on the IBM 7090 to give tables of desired
fields in terms of the geometrical dimensions of the coils. The results of this
study for a quadrupole field are shown in Fig. 4(a) where the constant field
strength contours are shown. Fig. 4(b) is an iron filing pictograph which shows

the magnetic lines of force produced by the Ioffe coil.



Selection of Materials

In the design of the coils, particularly in the choice of field strengths,
the availability and characteristics of superconducting materials was carefully
considered. Because of the state of development of the superconducting materials
and the magnitude of the desired fields, it was decided to use Nb-Zr, NbTi, or
a combination of the two for these coils. An evaluation of available NbZr and
NbTi materials was undertaken to determine the best material for winding the
coils. Single wires 0.010 in. in diameter and 7-stranded cable of the same
wire were procured and evaluated. The results of the evaluation were that
NB-25% Zr in the 7-stranded cable would produce the desired coils most econom-
ically considering cost of material and time required to fabricate the coils.

The quality of the material as a superconductor varied widely depending on
the wire manufacturer, the copper plate on the wire, the presence of indium as
a potting metal for the cables, and the insulation. If the copper plating was
thin and flaky, the cable or wire was much poorer magnet material and more sub-
ject to damage when the coils were driven normal. The thickness and uniformity
of the insulation was also an important consideration in eliminating shorts
between turns.

The materials selected as a result of these preliminary tests was more
than adequate to produce the design coils and has performed well in use.

Description of Coils

The actual coils and forms produced are shown in Fig. 5. The mirror coils
are wound of 7-strand Nb=25% Zr cable, each wire of which is individually copper-
plated. The entire cable, after stranding, is impregnated with pure indium

metal (99.999% indium) and insulated with mylar insulation.




There have been no significant differences in performance between the
design coils and the fabricated coils. The production cable is actually some-
what smaller in diameter than that used in the design. This difference did
not complicate the winding of the coils. Aluminum foil was wound between the
layers to help provide protection for the coils on going normal,

The center coil (Coil B) is wound of 7-strand cable also. The cable is
identical to that of coils A and C except it is not impregnated with indium metal.

Coil D, (Ioffe bars) is wound of the same 7-strand Nb-25% Zr cable as coil C.

The coil forms in all cases are stainless-steel tubing with flanges of
stainless steel welded to the tubing. In the case of coil D, the turns are
restrained by a half tube of stainless steel welded to a center tube of stainless
steel, as shown in Fig. 3. 1In this coil, the superconducting cable is held in
place by an epoxy potting campound which is easily removed by a solvent if
changes need to be made in the number of turns or in the wire itself.

In coils A, B, and C, interturn insulation is provided by mylar tape but no
potting compound was used. The individual turns of the coils are wound tightly
under sufficient tension to prevent movement of the conductors in the magnetic
field. Such movement almost invariably causes a transition from the supercon-
ducting to normal resistance. The turns are further restrained by a winding of
nylon fishing line on the outside of the wire.

The normal-to-superconducting contacts were formed by soldering with indium
solder, the superconducting cables to copper channels that were bolted to the
coil forms using nylon bolts for insulation. The copper channels were soldered
to mesh copper conductors that could be fanned out to insure good contact with

the liquid helium. The resistance of the connections (superconducting to normal)



made in this manner were of the order of 107/ ohms and were quite sufficient
for testing the magnet coils. No persistent switches were included in the proto-
type coils, but such switches could easily be included if desired.

RESULTS AND DISCUSSION

The results of the preliminary tests on the separate coils and the tests
on the final configuration are given in & series of graphs. Figures 6 to 10
show the data obtained with the colils shown in Fig. 5. These figures are X-Y
plots of the actual tests showing the charging current on the ordinate and time
on the abscissa. The curves present a charging history of the coils.

Figures 6 to 8 show the results for the mirror coils A and C and the center
coil B tested alone with the remaining coils shorted by a silicon diode outside
the dewar. The sharp break in the curve is the transition point from super-
conducting to normal state. It can be seen from the data that the critical
currents (167, 173, and 180 A for coils A, C, and B respectively) are not
significantly less than the design values of 175A. Since more turns were
actually wound on the coils than the design requirements, the field requirements
were easily met. 1In the case of these three coils the respective values of the
magnetic field are shown on the figures also.

Figure 9 shows the result of powering the three coils A, B, and C in series.
The critical current of 152 A gave a central field on the axis of the mirror coils
of 47.0 kG which is within 3% of the design field. It is expected that final
working of the superconducting-to-normal contacts and perhaps winding a few more

turns on the center coil will result in operation at the design field values.




Figure 10 shows the charging history of the Ioffe bars alone. The
critical current in this run was 234 A which is sufficient to give the 5 to
10% of the center field of coil B which is required by the design.

Tests of all four colls in series consistently resulted in transition
from superconducting-to-normal operation when the current reached 85 to 95 A.
This result pointed out that series operation of all four coils is impractical
and that the IToffe bars, and perhaps the center coil, require separate power
supplies. At the time of preparation of this paper these tests were underway
and the results may be expected in time for the oral presentation.

The results of the tests (which show that relatively large currents are
required to power coils wound with superconducting cables) indicate the need
for a flux pump or some similar device for charging superconducting magnets.
The need for several leads of large cross section going into the liquid-helium
dewar increases the heat lesk into the dewar and results in large consumption
of liquid heldium.

CONCLUSIONS

A superconducting magnetic bottle consisting of two mirror coils, a central
field coil, and a quadrupole (Ioffe) field coil has been designed and tests of the
components are described. The mirror ratio of the field is 2:1 and the field
strength of the mirror colls is 50 kG. The imvermal diasmcter of the nirror coils
is 4 inches. ©Some degradation in current-carrying capability of the Ioffe field
coil was observed due to interaction with the main magnetic field of the bottle

when the coils were operated in series.




NOTATION
coil radius, in.
field at center of coil, kG
field strength, kG
critical field
current, A
length of windings, in.
length of wire, ft
number of layers
number of turns
outer diameter/inner diameter

length of windings/inner diameter
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Fig. 1. Magnetic mirror configuration for ptasma physics experiments.
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Fig. 2. Design parameters for magnetic coils (I assumed = 25A/strand or 175 A/7-strand
cable, current density = 1, 2x104 Alsg cm).



+Stainless steel 304, r Stainless steel 304, 1/2 in. 0.D. x 0.032 in. wall tube
'3.0in. 0.D. x 0.065 in. wall / Weld or silver solder to 3 in. tube
\
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Fig. 3. loffe bar coil form.

Radius a, in.
(a) Calculated cusp field. Contours of constant Ha/l.

(b) Iron filing pictograph.

Fig. 4. Magnetic field of loffe bars.
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Figure 5. - Magnetic bottle.
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Fig. 6. Charging history, coil A alone.
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Fig. 9. Charging history, coils A, C, and B in series.
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Fig. 10. Charging history, coil D alone.
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